The metabolic and respiratory components of the hydrogen ion content of A.C.D. blood was directly measured by in vitro titration at controlled partial pressures of carbon dioxide. Blood stored for periods of up to 20 days had a mean pH of 6·53. The mean metabolic hydrogen ion excess was 37 mEq/litre and the mean respiratory hydrogen ion excess (carbonic acid) was 98 mEq/litre. The pH and hydrogen ion excess were not significantly related to duration of storage. Both metabolic and respiratory acidosis may occur in recipients of these hydrogen ion loads. In addition, sodium citrate in A.C.D. solution is metabolized in vivo to sodium bicarbonate. Clinically, a variable state of acid-base imbalance may result from the transfusion of A.C.D. blood until homeostasis is restored by renal and respiratory excretion of the acid aJ/d base loads.
Blood preserved in acid-citrate-dextrose solutions (A.C.D. blood) has a pH 6·0 to 7·1 (Bunker 1966 , Gibson et al. 1956 , Rapoport 1947 . The variation is attributed to the method of collection and the duration of storage. The sources of hydrogen ion include citric acid tn the preserving fluid and lactic acid, pyruvic acid and other metabolic acids present at the time of collection and also accumulated during storage (Howland, Schweizer and Boyan 19fi5, Nahas et al.l9(4) . These acids are partly neutralized by "odium bicarbonate present in blood to produce carbonic acid (Howland and Schweizer 1962) . Transfused A.C.D. blood may therefore be a source of both metabolic and respiratory acidosis. The purpose of this study was to quantitate the metabolic and respiratory components of the hydrogen ion content of stored A.C.D. blood.
The total hydrogen ion excess of stored blood, relative to normal blood can be defined as the titratable acidity at pH 7·4 and at the actual partial pressure of carbon dioxide of the blood. The hydrogen ion excess ot transfused stored blood that may produce a metabolic acidosis is the titratable acidity at pH 7·4 and at a partial pressure of carbon dioxide of 40 mm Hg. The difference hetween the total and the metabolic hydrogen ion excess equals the respiratory hydrogen ion excess (i.e. carbonic acid). Direct measurement of these palamp.ters of stored blood was performed after adaptation of methods previously reported (Gaudry, Duffy and Bookallil 1972) .
MATERIALS AND METHODS
Whole blood collected in A.C.D. solution* was stored for periods up to 20 days at 4 ° C. The blood was either from regular donors or from patients having therapeutic venesection. Ali9uots taken anaerobically into dry capped synnges were analysed as follows:
(1) 5 ml samples were analysed for pH and pC0 2 in a Radiometer Bench Astrup at 37° C.
(2) 20 ml samples were placed in a tonometer flask at 37° C in an Instrumentation Laboratory tonometer water bath, l\IodeI137. The samples were equilibrated with four mixtures of carbon dioxide in oxygen (J.J per cent, 5·6 per cent, 8·5 per cent and 25·0 per cent). The pH of each sample was continuously monitored using Radiometer glass electrode type (;'202C, reference calomel electrode type KJ01 and acid-base analyser PHl\1 71. The gas inflow and outflow connections and the pH electrodes were arranged in the tonometer flask as shown diagrammatically in Figure J . The pC0 2 of the outflow gas was continuously monitored by a l~adio meter Blood :\Iicroelectrode System (B:\IS3). When the outflow g-as pC0 2 equalled the inflow gas pC0 2 , the pH in the tonometer flask was recorded. The time required for tonometry of the samples ranged from 30 to 90 minutes. In some instances tonometry was continued for another hour to establish that equilibrium could be reached under the conditions of the experiment without further chan~e in pH or pC0 2 due to metabolism. The pC0 2 and pH at FIGUHE l.---(~lass and calomel electrodes were placed in a tonometer flask to measure pH of A.C.D. blood during tonometry with four carbon dioxideoxygen mixtures. _\ two-way tap pcmlittcd titration of equilibrated blood with sodium hydroxide. equilibrium were used to construct a log pC0 2 -pH line, and the pH at a pC0 2 of ,10 mm Hg was determined by interpolation.
(3) The equilibrated samples were then titrated with 0·11'\ or 1· 0 N sodium hydroxide* while maintaining a continuous flow of carbon dioxide. The pC0 2 of the outflow gas and pH * British Drug Houses concentrated yolumetric solutions. of the sample were again cf)ntinuously monitored. The volumes of base required to titrate each sample to a pH ' 7 '35, 7 '40, and ' 7 ·45 were recorded and used to calculate the titratable acidity (mEq/l) of blood. A. sample aspirated from the tonomcier after the titration, was analysed for pC0 2 • The time required for titration of the samples ranged from 20 to 40 minutes. The titratable acidities of blood at fonr pC0 2 level.s \\ne used to determine by interpolation the acidity at the pC0 2 of the sample and the acidity at a pC0 2 of 40 mm Hg. The pH spans of the Bench Astrup and the acid-base analyser PH:\171 were calibrated with precision buffe'rs from 6· 4~ to 7·38. The span of tI'e pC0 2 electrode of the BMS3 was calibrated with Haldane-analysed gases containing concentrations d carbon dioxide of :2 ·35 per cent and 8·0 per cent. The microeledrode pH system had an aeeuracYl: ·005 units and the macroelectrode pH systcm± . or; units.
RESL'LTS
Data were obtained on 45 units uf stored blood. The blood units had a mean pH of 6 ·53 ±O ·02 (standard ('rror). A sifnificant linear relationship between pH and the duration of storage was not demonstrated (Figure 2) . The mean pC0 2 was ] 8:3 ±3 mm Hg. The titratable acidity at this pC0 2 (total hydrogen ion excess) was 135:::_4 mEqjl. When the blood was equilibrated at a pC0 2 of 40 mm Hg the Anaesthesia and Intellsive Care. T'ol. 11. No. 3, August, 1974 mean pH was 6·73±0·02 and the mean titratable acidity (metabolic hydrogen ion excess) was 37 ±1 mEqjl. There was no significant linear relationship demonstrated between either total or metabolic hydrogen ion excess and duration of storage (Figures 3 and 4) . The results of pH and t;tratable acidity are summarized in Table 1 . Shaw 1961 , Nahas et al. 1961 , Nahas et al. 1964 .
Others determined standard bicarbonate, standard pH, buffer base or base excess of A.C.D. blood but the reported results were near the limits of accuracy of these derived parameters (Barrie 1965 , Bunker 1966 , Howland and Schweizer 1962 , Howland et al. 1965 . In this study blood was directly titrated with base at controlled temperature and partial pressures of carbon dioxide. This method enables in vitro quantitation of the total, metabolic and respiratory components of the hydlOgen ion excess of stored blood. The total hydrogen ion excess is the sum of the metabolic and respiratory hydrogen ion components. The reduction in titratable acidity from a mean of 135 to 37 mEqjl when the partial pressure of carbon dioxide in the blood falls from its original value to 40 mm Hg is due to the elimination of carbon dioxide to obtain equilibrium. This reduction of approximately 100 mEq of titratable acidity would liberate 100 mM or 2,240 ml of carbon dioxide. Thus in vitro, approximately 75 per cent of the total hydrogen ion excess is respiratory acid (carbonic acid) and approximately 25 per cent is metabolic acid (acids other than carbonic acid). During the transfusion of stored blood, the hydrogen ion status in the recipient would depend on the rates of administration, buffering and distribution of the acids in the body compartments. However, the restoration of hydrogen ion balance would require an increased lung excretion of carbon dioxide and an increased renal excretion of the other acids.
If the recipient has a normal respiratory reserve it is likely that alveolar ventilation will be readily increased to prevent respiratory acidosis. However, if respiratory reserve is reduced from factors such as coexistent respiratory disease, chest injury or depressant drugs, then respiratory acidosis could occur during the transfusion of large volumes of blood. Controlled ventilation would then be indicated to ensure an adequate alveolar ventilation to prevent respiratory acidosis.
The effects of a large transfusion of blood on metabolic acid-base balance are more difficult to predict. The mean metabolic hydrogen ion excess of the stored blood in these experimenb was 37 ±1 mEq(l. If this were distributed in 14 litres of extracellular fluid it would theoretically produce a base deficit of approximately 3 mEq(l. In vivo this deficit will be less due to the production of sodium bicarbonate from the sodium citrate in A.C.D. blood (Litwin, Smith and Moore 1959, Schweizer and Howland 1962) .* A variable state of either metabolic acidosis or metabolic alkalosis may exist until after the restoration of a stable circulatory, metabolic and renal status.
In conclusion, the rational clinical management of patients requiring rapid and large transfusions must include the monitoring of blood pH and blood gases as efforts are made to maintain both respiratory and metabolic hydrogen ion balance.
